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(57) ABSTRACT

A method of making metal nanostructures having a nanom-
cter size 1n at least one dimension includes preparing an
aqueous solution comprising a cation of a first metal and an
anion, and mixing commercial elemental powder particles of
an elemental second metal having a greater reduction poten-
tial than the first metal with the aqueous solution 1n an amount
that reacts and dissolves all of the second metal and precipi-
tates the first metal as metal nanostructures. The temperature
and concentration of the aqueous solution and the selection of
the anions and the second metal are chosen to produce metal
nanostructures of a desired shape, for example ribbons, wires,
flowers, rods, spheres, hollow spheres, scrolls, tubes, sheets,
hexagonal sheets, rice, cones, dendrites, or particles.
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MAKING METAL AND BIMETAL
NANOSTRUCTURES WITH CONTROLLED
MORPHOLOGY

TECHNICAL FIELD

[0001] This disclosure relates to an easily-practiced
method of making metal and bimetal nanostructures. More
particularly, this disclosure relates to the use of selected gal-
vanic replacement reactions using nexpensive metal pow-
ders to precipitate nanostructures ol other metals useful 1n
technological applications. This practice lends itself to the
production of large amounts of metal and bimetal nanostruc-
tures and to making them with different morphologies.

BACKGROUND OF THE INVENTION

[0002] Metal nanomaterials have attracted considerable
interest because of their unique size- and shape-dependent
chemical and physical properties, as well as their potential
applications 1n catalysis, information storage, electrochemi-
cal devices, and biological and chemical sensing. These
small, metal-containing materials have been formed 1n vari-
ous shapes such as wires or spheres. They are said to be
nanomaterials and to have nanostructures where they have at
least one dimension of interest of about one hundred nanom-
cters or less. Such useful nanostructures have generally con-
tained relatively expensive metals such as the noble metals,
rare earth group metals, magnetic metals, and the like. And, as
reported 1n the literature, the nanostructures have been made
by complicated and sometimes low-yield processes. For
example, most existing methods for synthesizing such mate-
rials focus on template or surfactant processes, electrochemi-
cal depositions, and sol-gel approaches. However, such meth-
ods require that either the template/surfactant/substrate be
thoroughly removed for puritying the product or the reaction
be conducted at elevated temperatures. There remains a need
for simpler methods of producing metal nanostructures and
for producing them in relatively large quantities.

SUMMARY OF THE INVENTION

[0003] The mventors herein have discovered that commer-
cially available elemental metal powders, such as magne-
sium, aluminum, or manganese, having standard reduction
potentials of relatively high negative values, may be used to
precipitate other metals from a suitably prepared aqueous
solution as nanometer size structures with morphologies that
vary depending upon solution and process parameters. The
clemental powder particles of magnesium, aluminum, or
manganese are suitably of micron-size or larger and these
clemental powder particles are simply added to an aqueous
solution of nickel cations, platinum cations, or other selected
metal (or metals) cations from which nanometer size struc-
tures are desired. The metal cations are, of course, paired with
anions. Suitable anions may include, for example, chloride
anions and nitrate anions. And it 1s observed that the selection
of the anion may affect the morphology of the precipitated
metal or bimetal nano-size structures. Also, the selection of
the sacrificial metal (e.g., magnesium, aluminum, or manga-
nese) atfects the morphology of the precipitated metal.

[0004] Thus, mn an illustrative embodiment, an aqueous
solution of 0.5 M nickel chloride 1s prepared at about 25° C.
(room temperature). A less than stoichiometric amount of
magnesium powder 1s added to the aqueous solution and
stirred 1nto it. The elemental magnesium particles are fully
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consumed by a galvanic replacement reaction with the nickel
in which nickel is precipitated as nanometer-size nanowires
and the magnesium 1s wholly reacted and dissolved. The
nickel precipitate 1s filtered and washed and recovered as
useiul nanomaterial, and the precipitate 1s examined and con-
firmed to be a desired nanomaterial. But the process does not
require or use any nanomaterial 1n 1ts practice before the final
product 1s obtained. The elemental particles may be 1n the
micrometer or even millimeter size range.

[0005] Two or more metals may be co-precipitated as
bimetal nanostructures, or one metal may be precipitated first,
followed by precipitation of a second metal.

[0006] Sometimes 1n this specification the metal used to
precipitate the nanomatenals 1s called the sacrificial metal
because it1s reacted and dissolved as the desired nanomaterial
1s precipitated. Of course the dissolved ““sacrificial” metal 1s
readily recovered for reuse from 1ts solution.

[0007] Accordingly, the invention uses selected galvanic
replacement reactions in the synthesis of various metal nano-
structures 1n a one-step, cost-effective way with the potential
for easy large volume production of nanomaterials. The
intrinsic properties of the metal nanostructures may be tai-
lored by controlling their precipitation practice and, thus,
morphology, structure, composition, and crystallinity. The
methods use very inexpensive, commercially available
clemental metal powders, rather than any pre-synthesized
nanostructures or bulk materials, to reduce the desired metal
salt precursors.

[0008] Using such metal powders, for example but not lim-
ited to, Mg or Al, as sacrificial metals has many advantages.
For example, their redox pair potentials are very low [Mg**/
Mg (-2.356 V) and AI’*/Al (-1.676 V) versus the standard
hydrogen electrode (SHE)]| and they are very reactive, so that
most metals (as long as their redox potentials are higher than
that of Mg~*/Mg or Al°*/Al) can be reduced from their cor-
responding salt solutions. Manganese may also be used as a
precipitant for metals with a higher reduction potential. Sec-
ond, the reactions can be conducted very efficiently, even at
room temperature. Third, the products can be purified and
collected easily compared with those obtained mvolving a
surfactant or template.

[0009] Fourth, the amount of product can easily be scaled
up by simply multiplying the amounts of the low cost elemen-
tal metal reactants, which enables mass production. Fifth,
they are commercially available and much cheaper than com-
monly used Ag, Te, Cu, Co, and N1 bulk metals (let alone their
pre-synthesized nanostructures). Finally, by using metals
such as Mg, Al, or Mn, the as-synthesized metal nanostruc-
tures are related to the difference in the metal potentials (net
potentials), as well as to the composition and the concentra-
tion of the metal salt precursors rather than to the structures of
the sacrificial metal templates. This makes nanostructure syn-
thesis much more controllable and reproducible.

[0010] The methods of the mnvention employ the galvanic
replacement reaction and use commercially available
clemental metals rather than pre-synthesized, expensive
nanostructures as sacrificial metals for the mass synthesis of
transition and rare-earth metals, and metal composites, which
have controlled novel nanostructures. These metal and
bimetal nanostructures may include, but are not limited to,
ribbons, wires, flowers, rods, spheres, hollow spheres, scrolls,
tubes, sheets, hexagonal sheets, rice, cones, dendrites, bricks,
or particles. Because of their well-controlled structures, high
surface area and unique properties, such metal and bimetal
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nanostructures have great potential in fuel cell, hydrogen/
energy storage, pollutant purification, catalysis, electronics,
supercapacitors, nanoactuators, and biological and chemical
sensing applications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1A 1s an SEM 1mage of N1 nanowires synthe-
sized from Mg and NiCl,.

[0012] FIG. 1B 1s a TEM image of N1 nanowires synthe-
s1zed from Mg and NiCl,.

[0013] FIG. 2A 1s an SEM 1mage of N1 nanoribbons syn-
thesized from Mg and N1(NO,),.

[0014] FIG. 2B illustrates an SEM 1mage of N1nanoribbons

synthesized from Mg and Ni(NO,),.

[0015] FIG. 3A 1s an SEM 1mage of N1 nanoflowers syn-
thesized from Al and Ni1ClL,.

[0016] FIG. 3B 1sa TEM image of N1 nanoflowers synthe-
sized from Al and Ni1CL,.

[0017] FIG. 4 1s an SEM 1mage of N1 nanoflowers synthe-
s1zed from Al and N1(NQO,),.

[0018] FIG. 5 illustrates N1 nanowires, N1 nanoribbons, Ni
nanoflowers, Fe nanorods, Fe nanosheets, fern-like dendritic
Pd nanostructures, porous Pt nanospheres, V nanoribbons,
Mn nanowires, L.a nanoscrolls, and Ce nanobricks.

[0019] FIG. 6A 1s an SEM image ol Pt nanoparticle-Ni
nanowire bimetal composites synthesized using a one-step
approach.

[0020] FIG. 6B 1s adark-field TEM image with bright-field
TEM 1mages in 1nsets o Pt nanoparticle-N1 nanowire bimetal
composites synthesized using a one-step approach.

[0021] FIG.7A1sa TEMimage of Auparticle-N1 nanowire
bimetal composites synthesized using a two-step approach.
[0022] FIG. 7B 1s a TEM image of Au particle-Ni nanorib-
bon bimetal composites synthesized using a two-step
approach.

DESCRIPTION OF PREFERRED
EMBODIMENTS

[0023] One embodiment includes a method of making
metal nanostructures having a nanometer size (about 100 nm
or less) 1n at least one dimension. The method involves the
systematic control of the dimensions and shapes of metal
nanostructures. The method includes preparing an aqueous
solution including a cation of a first metal(s) and an anion. A
quality of water 1s used that does not interfere with the prac-
tice of the process, for example deionized water. Then com-
mercial powder particles of an elemental second metal having,
a greater reduction potential than the first metal are mixed
with the aqueous solution 1n an amount that dissolves all of
the second metal and precipitates the first metal as metal
nanostructures. For example, the commercial powder par-
ticles may be, but are not limited to, aluminum (99.5%
purity), magnesium (99.6% purity), or manganese (>99%
purity). The powder particles suitably may be micrometer
s1ze, for example between 1 and 100 micrometers or larger. In
other embodiments, the powder particles may be nanometer
s1ze, Tor example about 100 nanometers, or they may be larger
such as millimeter size. The reaction may be conducted at
room temperature (or other determined temperature) without
the use of any surfactant. The resulting metal nanostructures
may be washed, filtered, and dried to harvest them. The metal
nanostructures are easily purified and collected. In addition,
the amount of metal nanostructures produced can easily be
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scaled up by simply multiplying the amounts of reactant,
which enables mass production (for example, kilograms).

[0024] The temperature and concentration of the aqueous
solution and the selection of the anions and the second metal
are chosen (often by experiment) to produce the metal nano-
structures of a desired shape. For example, the metal nano-
structures may have a shape of at least one of ribbons, wires,
flowers, rods, spheres, hollow spheres, scrolls, tubes, sheets,
hexagonal sheets, rice, cones, dendrites, bricks, or particles.
However, the metal nanostructures are not limited to these
shapes. The nanoscroll shape, for example, may consist of a
single sheet rolled up 1nto a tube-like nanostructure, with
open-ended tips, and seamless in structure. The nanoscroll
may be one-sided (rolled 1n one direction) or two-sided
(rolled from each end 1n opposite directions).

[0025] In various embodiments, the elemental second
metal for precipitation of the nanomaterial may be, but 1s not
limited to, magnesium, aluminum, or manganese. The first
metal may, for example, be a noble metal, transition metal, or
rare earth metal. The aqueous solution may include an anion
such as chloride or nitrate. For example, the aqueous solution
may be, but 1s not limited to, N1Cl, solution, N1{NO, ), solu-
tion, FeCl, solution, or FeCl, solution. Other anions may be
tried and evaluated for the formation of different nanostruc-
tures.

[0026] In other embodiments, bimetal nanostructures may
be prepared, for example including noble-noble, noble-mag-
netic, or magnetic-magnetic elements. In other embodiments,
multi-metal nanostructures may be prepared including more
than two metals. There are various methods used to prepare
bimetal nanostructures. One embodiment includes a one-step
approach of using a sacrificial metal (Mg, Al, Mn, or other
metals) to reduce a solution of two metal salts (the precursors
of the desired bimetal composite) simultaneously. Thus,
according to this method, an aqueous solution 1s prepared
including a cation of a first metal and a first anion, and a cation
of a second metal and a second anion. Then, powder particles
of a suitable and selected elemental third metal having a
greater reduction potential than the first and second metals are
mixed with the aqueous solution 1n an amount that dissolves
all of the third metal and precipitates the first and second
metals as bimetal nanostructures. For example, the aqueous
solution may include H,PtCl, and NiCl,, which results 1n
PtN1 nanostructures when precipitated, for example by Mg or
Al. The temperature and concentration of the aqueous solu-
tion and the selection of the anions and the third metal are
chosen to produce bimetal nanostructures of a desired shape.
The shape of the bimetal nanostructures 1s a result of the
process parameters, and may be as described above for the
metal nanostructures.

[0027] Another method of preparing bimetal nanostruc-
tures includes a two-step approach. First the replacement
reaction 1s carried out to synthesize metal nanostructures (for
example, N1 nanoribbons), and then the as-synthesized metal
nanostructures are used as the sacrificial template to obtain
(for example, Ni-based) bimetal nanostructures. In other
words, the precipitated metal nanostructures are mixed with a
second aqueous solution including a cation of a third metal
and an anion. A portion of the metal nanostructures may be
dissolved. Then the third metal 1s precipitated on the first
precipitated metal nanostructures to form bimetal nanostruc-
tures of a desired shape.

[0028] Several factors play key roles 1n the morphological
and structural control of the metals formed using the methods
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of the invention. The first factor relates to the net redox
potential between the redox pairs of the sacrificial metal and
the target metal nanomaterial to be synthesized. If different
sacrificial metals are used to reduce the same metal salts
under the same conditions, different metal nanostructures are
often obtained. This may be called the Sacrificial Metal
Potential Effect. However, i1 the same sacrificial metals and
same anions are used, but with different cations, or with the
same cations having different valent states (e.g. Fe** and
Fe**), different structures are often generated. This may be
called the Cation Potential Effect. Another important factor 1s
the anion effect which arises from the influence of the existing
anions 1n solution on the standard reduction potentials of the
metals and from the differences 1n anion electronic structures
and polar properties as well. In short, the net redox potential
results from two main intfluences—the use of different sacri-
ficial metals and/or different cations (or the same cations with
different valent states), and the anion effect. In addition, fac-
tors such as the metal salt concentration or the temperature
may alter the structure of the synthesized metals.

[0029] Various experimental examples were conducted
according to the methods of the invention. In some examples,
N1 was used as the target metal to produce different N1 struc-
tures such as N1 nanowires that are approximately 15 nm in
diameter, nanoribbons that are a few nanometers thick, and
selt-assembled nanoflowers that have a three-dimensional,
porous structure.

[0030] In one example, a controlled amount of freshly pre-
pared N1 salt aqueous solution was quickly added to a glass
vial that contained a predetermined amount of commercially
available sacrificial metal powder, 1n this case Mg. The mag-
nesium particles were of commercial grade (normally 99% or
greater purity) and had particle sizes in the range from one
micrometer to several hundred micrometers.

[0031] To synthesize N1 nanowires, a replacement reaction
between the Mg powder (60 mg) and Ni1Cl, solution (0.5M, 6
ml) was used. The atomic amount of Ni** was greater than
that of Mg so that the Mg could be completely oxidized to
Mg**, precipitating Ni nanowires only. The Ni nanowires
were synthesized based on the following replacement reac-
tion:

Mg(s) +Niz+(aq)=Ni(3)+M g2+(aq)

Significantly, the amount of product can be easily scaled up to
kilogram scale 1n one pot by simply multiplying the amounts
of reactants. After the N1 reduction reaction was complete, the
product was washed several times 1n deionized water, col-
lected by filtration, and dried 1n an oven at 60° C.

[0032] Then, X-ray diffraction (XRD) measurements were
performed on the N1 product using a Bruker D8 Discover
diffractometer operating at 40 kV and 40 mA, with CuKa
radiation (A=0.154 nm). The powder XRD pattern of the Ni
product matched well with the N1 face-centered cubic (fcc)
structure (JCPCDS, 04-0850), indicating its good crystallin-
ity.

[0033] Field emission scanning electron microscopy
(FESEM) was carried out on the product using a Hitachi
S-5200 microscope operating at 5 kV. FIG. 1A, a scanning
clectron microscopy (SEM) image, shows the numerous uni-
form N1 nanowires that were obtained, which are approxi-
mately 15 nm in diameter and tens of micrometers long.

[0034] In addition, regular transmission electron micros-
copy (TEM) observations were performed on the N1 nanow-
ires with a Philips CM10 microscope at an accelerating volt-
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age of 100 kV. As shown 1n the higher magnification of FIG.
1B, obvious tube-like nanostructures with asymmetric mass
contrasts, as well as the appearance of the sheet-like struc-
tures at the edges, are seen, which indicate that the N1 nanow-
ires actually are scroll-like structures. The partially unscroll-
ing of some scrolls was due to a long-time sonication (1 h, 1n
order to obtain a better sample dispersion) during TEM
sample preparation process.

[0035] Furthermore, high-resolution transmission electron
microscopy (HRTEM), electron difiraction, bright- and dark-
field images were obtained with a JEOL 2010F microscope,
operating at 200 kV. Energy dispersive X-ray (EDX) was
carried out using a Hitachi1 S-4500 FESEM and a JEOL 2010F
HRTEM. The EDX demonstrated the purity of N1 product.
HRTEM and fast Founier transformation (FFT) further con-
firmed that the Ni nanowires were single crystalline. The
scroll-like N1 nanowires originated from 2D nanosheets that
possess a large difference in interplanar distances in two
perpendicular directions. Therefore, whenever there 1s a
structural stress, their unique structure will promote a rolling
along the axis parallel to the plans that have the larger inter-
planar separation, to release the stress.

[0036] Another experimental example was performed as
described above, but using a different anion in the N1 solution.
Specifically, the Ni1Cl, solution was substituted with N1(NO,)
,. Inaddition to the reaction rate becoming a little slower, both
the morphology and structure of the N1 product changed. FIG.
2 A shows a cotton-puii-like structure which 1s composed of
numerous nanoribbons. The EDX spectrum revealed the
purity of the Ninanoribbons. These Ninanoribbons are a few
nanometers thick, several hundreds of nanometers wide, and
several micrometers long. They are also smooth, flat, and
almost transparent, although they sometimes randomly bend,
overlap, or roll up, as shown 1n the SEM FIG. 2B. The well-
ordered and smooth lattice fringes 1n the HRTEM as well as
the sharp spots 1n the corresponding FF'T indicated the crys-
tallinity of the nanoribbons. Clearly visible fringes extended
in two directions, with the same lattice spacing of 0.176 nm,
revealing that the two growth directions (width and length)
were along <100> orientations. Thus, no preferring rolling
direction exists in the original sheets of the nanoribbons
which results in randomly bending, overlapping or partial
rolling up of the structure, to release the stress whenever 1t
OCCUrS.

[0037] Comparing these scroll-like N1 nanowires and the
N1 nanoribbons that were synthesized under the same condi-
tions but with different metal salts—Ni1Cl, and N1(INO,),—
the effect of the anions on nanostructure formation can be
seen. As mentioned above, the N1(INO, ), reaction 1s slower
than the N1Cl, reaction because the existing anions appear to
aifect the standard reduction potentials of the metals to be
reduced, which then affects the reaction rate, the growth
speeds of different crystal faces, and then the final morphol-
ogy. In addition, the electronic structures and the polar prop-
erties of the anmions may also atffect the aggregation path of the
synthesized metal atoms and, therefore, the final morphology
of the metal structure.

[0038] The choice of sacrificial metal also 1nfluences the
morphology of the product. For example, 1n another experi-
mental example, Al was used instead of Mg as the sacrificial
metal, with NiCl, as the precursor. Again, the aluminum
powder was of commercial grade purity and had particle sizes
in the range from 1 micrometer to several hundred microme-
ters. Flower-like N1 nanostructures were obtained. The SEM
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image 1 FIG. 3A reveals that the entire N1 flower structure,
approximately 1.5 um 1n diameter, 1s constructed of several
dozen nanosheets with smooth surfaces. These nanosheets
are approximately 10 nm thick and a few hundred nanometers
wide, connecting to form three-dimensional flower-like
structures. In addition, many of the nanosheets bend at their
edges, giving the impression of real nanopetals. The purity of
the N1 nanoflowers was demonstrated by the EDX spectrum.
Referring to FIG. 3B, a representative TEM 1mage confirms
that the tlower structure 1s formed from uniform petal-like
nanosheets and no solid core was observed, which 1s consis-

tent with the SEM results. The inset of FIG. 3B shows a
selected area electron diffraction (SAED) pattern that was
taken from several N1 nanopetals (squared 1n FIG. 3B) and

indicates the crystallinity of the structures. This was also
confirmed by the HRTEM 1mage with the FFT obtained from

one petal of the N1 nanoflower. The 0.248 nm lattice spacing

matched the interplanar separation of the (220) planes of fcc
Ni.

[0039] Comparing the scroll-like N1 nanowires and the Ni

nanoflowers synthesized under the same conditions but with
different sacrificial metals (Mg and Al), the effect of the redox
potentials onthe formation of the nanostructures may be seen.
That is, the net redox potential of 1.419 V between Ni**/Ni
(=0.257 V) and AI’*/Al (-1.676 V) is much smaller than
2.099 V, which is the net potential between Ni°*/Ni (-0.257
V) and Mg**/Mg (-2.356V). Thus, the replacement reaction
of the former 1s slower than that of the latter. Furthermore,
there 1s always a very thin Al,O; passivation layer on the Al
surface, which also reduces the reaction rate. Therefore, with
a lower reaction rate, the N1 atoms reduced by Al will have
more time to aggregate and form a thicker nanosheet than
those synthesized with Mg.

[0040] In another example, the replacement reaction
between Al and N1(NO,), was used to produce N1 nanotlow-
ers, shown 1n FIG. 4. These N1 nanoflowers were similar to
those obtained with Al and NiCl,, but were composed of a
number of bigger nanosheets with a greater average thick-
ness.

[0041] Various other metal nanostructures, including most
of the transition metals and rare earth group, can be eflec-
tively synthesized by the methods of the invention described
above. In experimental examples, using Mg as the sacrificial
metal and chloride compounds of the desired metals as the
precursors only, two representative metals were sampled
from each group (magnetic, noble, and other transition met-
als, as well as rare-earth) to demonstrate the power of this
approach. Referring to FIG. 5, the La nanoscrolls were syn-
thesized from LaCl,, the Fe tiny nanorods/rice were synthe-
sized from FeCl,, the Fe smooth nanosheets were synthesized
from FeCl,, the fern-like dendrnidtic Pd nanostructures were
synthesized tfrom K,PdCl,, the self-assembled porous Pt
nanospheres were synthesized from H,PtCl,, the V nanorib-
bons were synthesized from VCl,, the Mn nanowires were
synthesized from MnCl,, and the Ce nanobricks consisting of
numerous porous nanoparticles were synthesized from
CeCl,. The purities of the products were confirmed by EDX
spectra, where the small amount of oxygen 1n some of the
nanoproducts was due to the easy oxidation intrinsic property
of metals, especially 1n nanoscale, when exposed 1n air. The
successiul synthesis of the Pt porous nanospheres demon-
strates that noble metal acids may be used 1n the methods of
the mvention 1n addition to the metal salts disclosed above.
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Further, as shown in FIG. §, using Fe compounds such as
FeCl, and FeCl, results in different Fe nanostructures.

[0042] In another example, N1 nanoscrolls were prepared
using commercially available Mn powder as the sacrificial

metal used to reduce a NiCl, metal salt precursor at room
temperature. No surfactant or catalyst was used. The aqueous
Ni1Cl, (175 ml, 2 M) solution was quickly added 1n a 250 mL
beaker which contained 16.6 g commercially available sacri-
ficial Mn powder. Ni** was reduced according to the follow-
ing reaction:

Mn(s)+Ni**(aq)=Ni(s)+Mn~*(aq)

The atomic amount of Ni was greater than that of Mn to
ensure that Mn atoms could be completely oxidized into
Mn**, precipitating only Ni nanoscrolls. After the reaction
was complete, the product was washed several times with
deionized water, filtered, and dried 1n an oven at 60° C. The
resulting N1 nanoscrolls were single crystals and quite uni-
form 1n si1ze. They were a few tens of nanometers 1n diameter,
for example 20-30 nm, and several tens of micrometers of
more 1n length.

[0043] Experimental examples were also carried out to pro-
duce the bimetal nanostructures. Ni-based nanocomposites
(e.g. PtN1, AulNi, etc.) were synthesized using the two differ-
ent approaches described above. The first method, using sac-
rificial metals to reduce a mixture of two co-dissolved metal
salts stmultaneously 1n one step, was employed to synthesize
PtN1. H,PtCl, and Ni1Cl, were used as precursors in an atomic
ratio of 3:40. As shown 1n FIG. 6A (an SEM 1mage) and FIG.
6B (a dark-field TEM 1mage with bright-field TEM 1mages in
insets), very uniform, large-scale Pt nanoparticle—Ni
nanowire composites were obtained. The Pt—IN1 nanostruc-
tures were approximately 15 nm 1n diameter and several tens
of micrometers long. Further, the Pt nanoparticles were dis-
tributed very umiformly and were approximately 2 nm 1n size,
with an obvious 0.23 nm lattice spacing corresponding to the
(111) planes of the Pt fcc structure, on the N1 nanowires. The
EDX spectrum also revealed that the product contained Ni
and Pt 1n a ratio of 2.5:40, which matches well with the
original atomic ratio of Pt and Ni 1n their precursors.

[0044] The second method of making bimetal nanostruc-
tures was employed to synthesize AuNi. In this method, the
replacement reaction was used to synthesize Ni nanostruc-
tures and then the as-synthesized N1 was employed as the
sacrificial template to obtain Ni-based bimetal nanocompos-
ites. Both N1 nanowires and N1 nanoribbons were prepared
and used separately as sacrificial metal templates. The Ni
nanowires and N1 nanoribbons were each mixed with an
aqueous solution of HAuCl, to produce Au nanoparticles-Ni
nanowires (FIG. 7A) and Au nanoparticles-N1 nanoribbons
(F1G. 7B), respectively. The TEM 1mages of FIGS. 7A and 7B
show the Au nanoparticles distributed uniformly on the N1
nanowires and N1 nanoribbons, respectively. The correspond-
ing EDX spectra further confirm that the bimetal nanostruc-
tures are composed of Au and Ni.

[0045] The practice of the invention has been 1illustrated
with certain embodiments but the scope of the invention 1s not
limited to such examples.

1. A method of making metal nanostructures having a
nanometer size in at least one dimension, the method com-
prising:
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preparing an aqueous solution comprising a cation of a first
metal and an anion, the solution being formed at a con-
centration of the first metal cation and at a temperature;
and
mixing powder particles of an elemental second metal
having a greater reduction potential than the first metal
with the aqueous solution 1n an amount that reacts and
dissolves all of the second metal and precipitates the first
metal as metal nanostructures, the powder particles of
the elemental second metal having particle sizes greater
than one micrometer, the temperature and concentration
of the aqueous solution and the selection of the anions
and the second metal producing the metal nanostruc-
tures of a desired shape; and
separating the precipitate from the solution and confirming
the presence of the metal nanostructures.
2. A method as set forth i claim 1 wherein the elemental
second metal 1s magnesium.
3. A method as set forth in claim 1 wherein the elemental
second metal 1s aluminum.
4. A method as set forth in claim 1 wherein the elemental
second metal 1s manganese.

5. A method as set forth in claim 1 wherein the aqueous
solution comprises a chloride compound.

6. A method as set torth 1n claim 1 wherein the first metal
1s a transition metal.

7. A method as set forth in claim 1 wherein the first metal
1S a rare earth metal.

8. A method as set forth in claim 1 wherein the aqueous
solution 1s one of Ni1Cl, solution, N1(NO,), solution, FeCl,
solution, FeCl; solution, K,Pd(Cl, solution, H,PtCl solution,
VI, solution, MnCl, solution, or CeCl, solution.

9. A method as set forth in claim 1 wherein the metal
nanostructures are in the shape of at least one of ribbons,
wires, flowers, rods, spheres, hollow spheres, scrolls, tubes,
sheets, hexagonal sheets, rice, cones, dendrites, bricks, or
particles.

10. A method as set forth 1n claim 1 further comprising
washing, filtering, and drying the metal nanostructures.

11. A method as set forth 1n claim 1 further comprising
making bimetal nanostructures having a nanometer size in at
least one dimension comprising:
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preparing a second aqueous solution comprising a cation of
a third metal and an anion;

mixing the precipitated metal nanostructures with the sec-
ond aqueous solution in an amount that reacts and dis-
solves a portion of the metal nanostructures and precipi-
tates the third metal on the metal nanostructures to form
bimetal nanostructures of a desired shape.

12. A method as set forth 1n claim 11 wherein the bimetal
nanostructures are in the shape of at least one of ribbons,
wires, flowers, rods, spheres, hollow spheres, scrolls, tubes,
sheets, hexagonal sheets, rice, cones, dendrites, bricks, or
particles.

13. A method of making bimetal nanostructures having a
nanometer size in at least one dimension, the method com-
prising:

preparing an aqueous solution comprising a cation of a first

metal and a first anion, and a cation of a second metal and
a second anion, the solution being formed at a concen-
tration of the first and second metal cations and at a
temperature; and

mixing powder particles of an elemental third metal having
a greater reduction potential than the first and second
metals with the aqueous solution in an amount that
reacts and dissolves all of the third metal and precipitates
the first and second metals as bimetal nanostructures, the
powder particles of the elemental third metal having
particle sizes greater than one micrometer, the tempera-
ture and concentration of the aqueous solution and the
selection of the anions and the third metal producing the
bimetal nanostructures of a desired shape; and

separating the precipitate from the solution and confirming
the presence of the bimetal nanostructures.

14. A method as set forth 1n claim 13 wherein the aqueous
solution comprises H,PtCl, and NiCl,, and wherein the
resulting bimetal nanostructures are PtN1 nanostructures.

15. A method as set forth 1n claim 13 wherein the bimetal
nanostructures are in the shape of at least one of ribbons,
wires, flowers, rods, spheres, hollow spheres, scrolls, tubes,
sheets, hexagonal sheets, rice, cones, dendrites, bricks, or
particles.

16. A method as set forth in claim 13 further comprising
washing, filtering, and drying the bimetal nanostructures.
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